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Abstract

This paper is concerned with flight controller
design which ensures human-friendly operation
through a new method to estimate workload lev-
els. This research carried out manual control ex-
periments which are analogous to longitudinal
dynamics of aircraft in the effect of disturbance
input. Based on control theory, high-order and
two-block pilot models are identified from exper-
imental data. It is revealed that there is a strong
relation between the pilot models and the corre-
sponding workload comments. By making use of
this strong relation, a new method was proposed
to estimate workload levels for an gpplication at
a conceptual design stage. The proposed method
allows us to design flight controller to assumed
workload levels. Finally, the effectiveness of the
designed flight controller is confirmed by demon-
Stration experiments.

1 Introduction

Whenever human beings and mechanical sys-
tems work together, the overall performance de-
pends on how well both the machine and the hu-
man beings do their jobs. Especialy in aircraft,
since the difficulty of operation may cause fatal
incidents, equipped controller design needsto ac-
complish human-friendly systems. In flight con-
troller design, two processes are needed. The pri-
mary stageis to propose a method to estimate the
difficulty of pilot operation, while the secondary

stage is to design a flight controller which guar-
antees practicable pilot operation by using the
proposed method.

The present research defines aworkload level
as a degree of difficulty of human operation.
Workload means both the physical and the men-
tal load sustained by pilots in the course of car-
rying out tasks in order to achieve desired ob-
jectives. As pointed out in [1][2], there exist
some workload estimation methods. For exam-
ple, the physiological response of pilots[3], ade-
gree of achieved performance[4], subjective rat-
ings estimated by pilotg5], and the operator’'s
ability to perform taskg[6][7]. Since these meth-
ods use the results of human operation, it is diffi-
cult to utilize at a conceptual design stage. Refer-
ences [4] and [5] estimate workload in conjunc-
tion with performance achievement, however this
research tries to consider workload as an inde-
pendent measure. With this background in mind,
this paper proposes a new method which mathe-
matically estimates workload levels through pi-
lot models. These models are equational rep-
resentations of the principles of human opera-
tions, and described as transfer functions in this
paper. From the 1950's to the 70's, there was
a large body of research which considered pilot
models as low-order transfer functions [4], [8]-
[19]. Recent high-performance vehicles that are
equipped with advanced mechanical or electrical
systems impose difficult operations on their pi-
lots, and such operations are described as high-
order transfer functions. Today, devel opments of



computer techniques and methods of numerical
analysis enable us to analyze high-order trans-
fer functions and thus design systems which use
them. Accordingly, this research adopts high-
order pilot modelsthat are based on transfer func-
tions which are devel oped from experimental op-
eration data. In addition, it may be noted that the
pilot models provided in this paper are two-block
models. How two-block models are used is con-
sidered in detail. High-order and two-block pilot
models contribute to represent human operations
on tracking tasks.

In this paper, firstly, a series of manual con-
trol experimentsis described. These experiments
are analogous to longitudinal dynamics of air-
craft in the effect of disturbance input. Experi-
mental datawas collected together with workload
comments provided by human operators. Sec-
ondly, high-order and two-block pilot models are
identified as transfer functions from this exper-
imental data, and the relation between these pi-
lot models and the corresponding workload com-
ments is analyzed. Based on the analysis, a
method for estimating workload levels is pro-
posed. Thirdly, by using H.. control theory, flight
controller is designed to achieve fixed workload
levels through the proposed method to estimate
workload levels. The controller aso realizes
disturbance rejection and tracking performance.
Finally, the effectiveness of the proposed flight
controller is confirmed by demonstration experi-
ments with the designed controller.

2 Experimental Details

2.1 Experimental Apparatusand Procedure

The experimental apparatus is depicted in
Fig. 1. The display has two visua tracking po-
sitions, the follower position, y, and the tar-
get position, r. A human operator controls the
stick angle, 9, in order to keep the follower cen-
tered in the moving sguare target throughout a
50 second time interval. The follower position,
y, is a disturbed output of a controlled dynam-
ics model whose input is 8. A block diagram
of a closed-loop system, which includes a hu-
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man operator, is shown in Fig. 2. In this fig-
ure, the human operator is modeled as a two-
inputs and one-output system. Hj(z) denotes a
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feed-forward pilot model. It represents human
operation, which senses the target position r and
controls the stick angle. Hax(z) denotes a feed-
back pilot model. It represents human operation,
which senses thefollower positiony’ and controls
the stick angle. In the case of the tracking exper-
iment, which provides two visual tracking posi-
tions for a human operator, it is assumed that the
human operator has two transfer functions, H1(z)
and Hy(z), corresponding to these two tracking
positions, respectively. Under this assumption,
the pilot model is described as a two-block sys-
tem consisting of H1(z) and Hz(z). The gear ratio
regulates the value of a human operator’s input,
and may be chosen arbitrarily by the human op-
erator.

18 different types of experiments were con-
ducted. Controlled dynamics (Table 1) were
selected in order to cover various properties
in terms of the natural frequency, damping ra-
tio and the degree of dynamics. The vari-
ety of these controlled dynamics enables us to
derive many characteristics of a human opera-
tor. The reference input r and the disturbance
d are band-limited white noise filtered through
wZ / (+ 2{on s+ 0z ), on = 4 (rad/sec) and
& =1; and (0.3x 03)/ (S + 2{ongs+ wZy),
ong = 4 (rad/sec) and g = 1, respectively
(Fig. 3). Compared to actua vehicle operation,
the present experiments limit the task frequency.
Since the inputs r and d, which simulate the ac-
tual inputs, are sufficiently random, human oper-
ators could not predict the inputs in every trial.
The disturbance d was inputted in order to cor-
rectly identify H; and Hy. The amplitude of d
was smaller than that of r, however, human oper-
ators could adequately detect the disturbance in-
put. All the controlled dynamics are discretized
with a sampling rate of 50 Hz.

Three people served as subjects I, Il and 111
for a series of manual control experiments. They
duly practiced operating under every controlled
dynamics condition in order to maintain a cer-
tain level of tracking performance. This practice
IS necessary to identify consistent operation law
through the manual control experiment so that

Table 1 Controlled dynamics
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Al 1l 01

B| 5 08 -1

C| 5 01

D|5 08

E| 5 01 -1
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G|10 04
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| 5 08 -3 -1

J|5 08 -1+ -1-i

K| 5 08 -8+8i -8+8i

L|5 08 -8+t8 -88 -3+3i -3+3i
M| 5 08 -2+2i -2-2i

N | 10 04 -3 -1

O|10 08 -3 -1

P| 3 02 -8+t8 -8+8 -3+3i -3+3i
Q| 2 o8
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an accurate pilot model can be obtained. The
practices were repeated until identical pilot mod-
els were identified on every trial for every sub-
ject. After sufficient practice, they each selected
a gear ratio. A series of manual control experi-
ments was then carried out over 50 seconds, with
data from the whole time interval captured in
each trial. Only the middle 30 seconds of data
were used for identification purposes since sub-
jects could not dedicate themselves completely
to stick-operation during thefirst and last 10 sec-
onds of the experiments. Experimental data was



collected together with workload eval uations pro-
vided by the human operators. Workload lev-
els were ranked by using a 5 point rating scale.
For all controlled dynamics conditions, the set-
ting that corresponded to the most comfortable
operation was defined as workload level 1, while
the most wearisome one was defined as 5 in or-
der to serve as a benchmark. The other dynam-
icswere evaluated by comparison to these bench-
mark dynamics.

The pilot models were identified by a least
squares method [20]. The degree of the transfer
function in the pilot model is selected from 3t0 9
in order to accurately identify pilot models. Dis-
cretized pilot models are transformed into contin-
uous forms in the following sections.

2.2 Result and Discussion

Based on the experimental results, it can be
shown that subjective workload ratings correlate
well with gain plots of pilot models. Researches
that relate workload levels to frequency charac-
teristics of human operations have not been ap-
plied by using experimental data. To clarify
the relation between the identified pilot models
and corresponding workload ratings, typical gain
plots of pilot models are shown in Figs. 4, 5 and
6. What can be observed from these figures is
summarized as follows.

2.2.1 Workload leval 1

Figure 4 showstypical gain plotsof pilot mod-
els which correspond to workload level 1. The
gain plots of both H; and H, have constant values
for low frequencies upto about 4 rad/sec, and the
values decrease gently as frequency increases. In
other words, it is demonstrated that human op-
erators prefer to control the stick with constant
gain values for low frequencies less than around
4 rad/sec, and disregard the reference input for
frequencies above a value around 4 rad/sec. It
may be noted that this characteristic is common
to al subjects.
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Fig. 6 Typical gain plots of workload level 5

2.2.2 \Workload level 3

Figure 5 showstypical gain plots of pilot mod-
els which correspond to workload level 3. Com-
paring these plots of with Fig. 4, it is clear that
gain values of both H; and Hs tend to be slightly
reduced for low frequencies less than 4 rad/sec
or both of gain peaks appear at around 4 rad/sec.
The former shows deliberate operation and the
latter shows quick operation. Thus when having
to cope with such a difficult operation, the human
operators make an effort to achieve the desired
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objectives. The evaluations of workload levels
provided by the human operators consequently
increase.

2.2.3 Workload level 5

Figure 6 showstypical gain plotsof pilot mod-
els which correspond to workload level 5. They
are similar in shape to Fig. 5. It should be noted
that the peak gain values of both H; and Hy are
significantly higher than those of Fig. 5. They
represent quick operation by the human operators
and these significant efforts are reflected in their
workload comments.

2.24 Comparison of H; and Ho

Now, the characteristics of H; and H, are con-
sidered. The gain values of H; tend to be larger
than those of Hy under high frequencies, espe-
cialy for workload level 5 as shown in Fig. 6.
This result indicates that human operators place
a special emphasis on feed-back controls under
high frequencies, and the deteriorations of work-
load levels which occur for this case are caused
by attempts to increase the gain values. In ad-
dition, since the gain values of H; and H, are
nearly the same under low frequencies, it is clear
that human operators combine both feed-forward
controls and feed-back controls for this case.
Thustheresultsindicate that the human operators
choose between feed-forward controls and feed-
back controls depending on the frequency range.
To relate human operation principles with work-
load levels, both the characteristics of H1 and H»
should be considered, so that the two-block pilot
models may be used for predicting human opera-
tion principles.

Human operators make efforts to control the
stick in order to track the target position. The
amount of effort appears to determine workload
levels. Theresults of Fig. 4 show that there exists
a set of ideal gain plots shape for pilot models,
which corresponds to comfortable operation. The
gap between gain plots of agiven pilot model and
the gain plots of the ideal pilot model asin Fig. 4
indicates the increase in the workload. Using
indices that measure the difference of gain plot
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shapes, we can mathematically estimate work-
load levels. In the present research, pilot models
are identified as two-block models. This result
shows that two-block pilot modelsrepresent each
operation tendency, i.e. feed-forward, and feed-
back. Therefore, two-block pilot models are ap-
propriate for the accurate analysis of human be-
havior related to the present two visual tracking
position problems.

2.3 TheLimitsof Controllable Frequency

From the above discussion, it may be in-
ferred that human operators disregard the refer-
ence input under high frequency conditions. Re-
sultsindicatethereis alimit frequency that corre-
sponds to limitations in human operation. In or-
der to obtain the limits of controllable frequency,
additional experiments were carried out. Four
additional types of experiments were conducted.
Controlled dynamics were applied asin Table 2.

Gain plots of the controlled dynamics for the
second set of experiments are shown in Fig. 7,
and those for a closed-loop system, consisting
of pilot models and controlled dynamics, are
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Fig. 9 Estimation indices and workload levels

shown in Fig. 8. The closed-loop systems di-
rectly indicate tracking performance. Compar-
ing Fig. 7 with Fig. 8, the human operator actsto
decrease peak values while enlarging the band-
width of controlled dynamics whose peak fre-
guency is less than or equal to 4 rad/sec. How-
ever, a peak value and bandwidth of controlled
dynamics whose peak frequency is more than 4

Table 2 Additional controlled dynamics

Controlled On ¢
dynamics | (rad/sec)
S 2 0.1
T 3 0.1
U 4 0.1
\Y 5 0.1
. o
ST,U.V: s + 2Lons+ o
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Fig. 10 Estimation indices and three subjects

rad/sec are only dlightly changed. These results
show that human operators cannot operate under
high frequency conditions of more than 4 rad/sec.
Thisresultiscommon to all three subjects. Based
on these experimental results, it is valid to as-
sume that the limit of controllable frequency for
thetask is 4 rad/sec.

3 Estimation method

3.1 Estimation Indices Based on Comfort-
able M odel

Two types of estimation indices were estab-
lished in order to objectively estimate workload
levels using mathematical descriptions. In the
previous section, it was said that there exists a set
of ideal gain plots of pilot models that correlate
well with comfortable human operations. In this
paper, a pair of gain plots selected from this set
was labeled as the comfortable model (CM). In
the following subsections, the pilot model identi-
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fied for the case when subject | controlsdynamics
L isadopted asa CM.

Ratings of workload levelswererelated to the
difference in gain plot shapes between the given
pilot models and a CM under alow frequency of
less than 4 rad/sec, which is the observed limit of
controllable frequency for human operation. To
evaluate the difference, a cost index J; is intro-
duced as follows.

®p
Ji:/
0

Where i = 1,2, wg = 0.1(rad/sec) and wp =
4(rad/s). Hemai(s) and Hewmao(s) are feed-forward
and feed-back CMs, respectively. Hi(s) and
Ha(s) are other pilot models.

In addition, gain values of pilot models at 4
rad/sec also affect workload levels. Since this
frequency corresponds to the observed limit of
human operation, human operators are subject to
the most difficult task-operation at 4 rad/sec. |
will accordingly also make use of the following
index,

Hemi(jo)| — [Hi(jo)]
[Hemi(joo)|  [Hi(jeo)]

do(1)

[Hi(jop)l,i = 1,2, 0p = 4(rad/sec).  (2)

The relation between indices (1), (2) and
workload levels are shown in Figs. 9 and 10.
Workload levels rated by all three subjects are
plotted in Fig. 9, and each subject’s ratings are
plotted in Fig. 10. The fields are divided into
three groups: levels 1, 2 and 3.

3.2 Estimation Method

Considering which levels H1(s) and Hy(s) be-
long to, a method to estimate workload levels is
proposed (Table 3). For example, if both Hi(s)
and Hy(s) belong to level 1, workload levels are
estimated to be 1. In this way, workload levels
corresponding to every pair of values for H; and
H, are estimated, as displayed in Table 3. Com-
pared with human operators perceived workload
and estimated workload by the proposed method,
they agree to 95 percent. Then, the effectiveness
of this method is confirmed.

Table 3 Estimation method

Hi(z) | Ha(z)
Level 1 | Leve 1
Level 1 | Level 2
Level 2 | Leve 1
Level 2 | Level 2
Level 2 | Level 3
Level 3 | Level 2
Level 3| Leve 3

Workload level

b DN N

FEED-FORWORD
PILOT MODEL

r
‘H1—+’

CONTROLLED
DYNAMICS

O—»P Y

: reference input K
s output CONTROLLER
: disturbance

“input by pilot

O o< =

FEED-BACK
PILOT MODEL
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4 Flight Controller Design

4.1 Outline of Controller Design

This subsection outlines how that the proposed
method, which estimates workload level sthrough
pilot models, enable us to design controller on
assumed workload levels.

There isafeed-back system including the dy-
namics of pilots and flight controller (Fig. 11).
Tracking performance and disturbance rejection
are respectively represented as the transfer func-
tions from r to y and d to y including pilot
models. As may be observed from the experi-
mental results, it is considered that human op-
erators make effort to adjust the gain values of
these transfer functions at certain characteristics
described in the next subsection (see Figs. 12
and 14). On account of designing flight con-
troller which assists human operation, firstly, the
ideal pilot models correlated to workload level
1, which is evaluated using the proposed estima-
tion method are chosen. Secondly, the controller
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is designed in order that two transfer functions
which show tracking performance and distur-
bance rejection attain the desired characteristics.
The two transfer functions consist of the chosen
pilot models and controlled dynamics. Then the
designed flight controller guarantees comfortable
human operations. There are many ways of hu-
man operation which attain the desired charac-
teristics. However, the designed controller do
not impose larger levels of workload than the as-
sumed levels of workload because it can be ratio-
nally presumed that the human operator chooses
the most comfortable operation as far as the task
is attained.

4.2 Design Conditions

This paper aims to design flight controller
which ensure workload level 1 and both ideal
characteristics of tracking performance and dis-
turbance rejection.
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4.2.1 Tracking Performance

The transfer function from reference input
r to output y shows tracking performance. As
may be observed from the experimental results,
Fig. 12 shows ideal gain plots of tracking perfor-
mance, and Fig. 13 shows undesirable gain plots
of tracking performance. Compared with Fig. 12
and Fig. 13, design conditions to the gain plots
of transfer function from r to y are proposed as
follows.

e Design Condition 1
The droop, which means a drop in gain
value from 0dB, becomes more than -5dB
for low frequencies upto about 4 rad/sec.

e Design Condition 2
The peak value of gain islessthan 0dB.

4.2.2 Disturbance Rejection

The transfer function from disturbance input
d to output y shows disturbance rejection. As
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may be observed from the experimental results,
Fig. 14 shows ideal gain plots of disturbance re-
jection, and Fig. 15 shows undesirable gain plots
of disturbance rejection. Compared with Fig. 14
and Fig. 15, design conditions to the gain plots
of transfer function from d to y are proposed as
follows.

e Design Condition 3
The peak value of gain isless than -5dB.

Pilot models which correspond to workload
level 1 are chosen through the proposed method,
and then flight controller is designed in order that
the two transfer functions, which is fromr toy
and d to y consisting of the chosen pilot mod-
els, attain the above 3 conditions. By using H..
loop shaping technique[21], flight controller is
designed which satisfy above 3 conditions.

4.3 Demonstration Experiment

In order to confirm the effectiveness of the de-
signed controller, demonstration experiment was
carried out with respect to controlled dynamics
A (see Table 1):one with controller and another
without controller. As a result, workload rating
is subjectively evaluated as 5 without controller,
but then workload rating is subjectively evaluated
as 1 with the designed controller. Fig. 16 shows
gain plots of pilot models. By using the proposed
method of workload estimation, the pilot model
which corresponds to controlled dynamics with
the controller is evaluated as workload level 1.
Fig. 17 and 18 respectively show the gain plots
of the tracking performance and the disturbance
rejection. With the designed controller, both of
them satisfy the design conditions. From above
discussion, it is demonstrated that the designed
controller ensures workload level 1 and desired
characteristics of both tracking performance and
disturbance rejection.

5 Conclusion

In this paper, the new method to estimate work-
load levels was proposed, and a flight controller
was designed to assist pilot operation through the
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proposed method. A series of manual control ex-
periments which mimic the control of longitudi-
nal dynamics of aircraft was carried out, and pi-
lot models were identified as high-order and two-
block transfer functions from the resultant exper-
imental data. There existsaset of ideal gain plots
of pilot models that correlate well with comfort-
able human operations, and one ideal model was
defined as a comfortable model. Based on a pair
of ideal gain plots, two types of indices have been
established to measure the gap between given pi-
lot models and the pair of ideal gain plots. These
indices clearly represent that workload levels de-
pend on operation principles of human opera-
tors. Based on these indices, the new method,



which mathematically and objectively estimates
workload levels, has been proposed. The fre-
guency characteristics of the pilot models enable
us to design flight controller that ensure human-
friendly operation. Demonstration experiments
show the effectiveness of the designed controller.

This study has limited the task to the fre-
guency of operations. The task influences pi-
lot performance, so further research on the rela-
tionship between human behavior and task type
is necessary. Although operation principles de-
pend on types of tasks, if the desired closed-loop
characteristics and the comfortable pilot model
are investigated, human-friendly control systems
can be designed. This research analyze human
operation for low frequencies less than around
4 rad/sec. In the future, high-frequency content
of human behavior should be analyzed to design
man-machine systems.
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